A new method for microfiber Bragg gratings (μ-FBGs) fabrication by means of two-photon polymerization in photosensitive resin is reported. Such polymerized μ-FBGs were cured along with the surface of microfibers without any damage or distortion to the substrate. The laser intensity was optimized to improve the spectral properties of the polymerized gratings. The refractive index measurement was performed and the maximum sensitivity obtained is ~207 nm/RIU at the refractive index value of 1.440 with the fiber diameter being 1.7 μm. This work opens a new idea for optical structure integration and further optical functionality integration. 
Introduction
Microfiber is an important substrate for photonic devices in optical fiber communication and optical fiber sensing due to its intrinsic properties, i.e. large evanescent field, small modefield area, high nonlinearity and low-loss connection with single-mode fiber (SMF) [1] [2] [3] [4] . The advent of microfiber provides a new platform for fiber Bragg gratings (FBGs) with extended functions. Nowadays, a variety of microfiber Bragg gratings (μ-FBGs) based on structural change or refractive index modulation of material have been successfully fabricated by use of different fabrication methods, i.e. chemical etching [5] , femtosecond (Fs) laser micromachining [6] [7] [8] , ultraviolet (UV) laser irradiation [9] , and focused ion beam milling [10, 11] . However, in the mentioned works, the Bragg resonances are realized by introducing structural damage to microfibers or RI modulation in the microfibers.
Currently, two-photon polymerization (TPP) induced by near-infrared Fs laser has become a powerful fabrication method for the preparation of 3-D fine structure with a feature size beyond optical diffraction limit [12] . Since the micro-bull was realized by TPP [13] , different kinds of applications of TPP have sprung up, i.e. microfluidic devices [14] , biomedical structures [15] , MEMS [13, 16, 17] .
In this work, we report a new method for μ-FBG fabrication by use of TPP in photosensitive resin. The designed grating is polymerized along with the surface of microfiber and the formed grating exhibits great bonding strength with the microfiber. The Bragg resonance is excited in the microfiber by the polymerized grating and successfully used for liquid RI measurement. The maximum RI sensitivity obtained is ~207 nm/RIU at the RI of 1.440 with the fiber diameter being 1.7 μm. This work not only demonstrates a new method of fiber grating fabrication, but also a new idea for optical structure integration and further optical functionality integration. It has laid a foundation work for subsequence research on functional structure polymerized on or in the fiber.
Experimental setup
The experimental setup of μ-FBG fabrication is demonstrated in Fig. 1(a) . Fs laser beam (800 nm, 120 fs, 80 MHz) is firstly expanded and then focused in the interface between the microfiber and the photosensitive resin by use of an oil-immersion microscope objective (MO) with a NA value of 1.25. The laser focus size is ~0.78 μm. The laser intensity is precisely adjusted by a variable attenuator comprised by a λ/2 wave plate (W) and a Glan-prism polarizer (P). The laser irradiation time is controlled by use of a PC-driven mechanical shutter. As shown in Fig. 1(b) , the machined microfiber immersed in the photosensitive resin, which is sandwiched between cover and slide glasses, is mounted on 3-D translation stage (Newport, XMS50/XMS50/GTS30V). Normally, the fiber diameter used in the experiment is less than 4μm. To achieve a uniform photosensitive resin on the microfiber, one layer of tape with a thickness of 50μm is stuck to the edge of the slide glass to support the microfiber to ensure sufficient space for grating inscription. The CCD mounted above is used to monitor the fabrication process. The schematic diagram of the polymerized μ-FBG is illustrated in Fig. 1(c) , where the green and blue parts denote the polymerized grating structure and the microfiber, respectively. 
Results and discussion
In this work the microfiber is fabricated by use of flame-tapering method [18] , where hydrooxygen flame is used to soften the SMF and two motorized translation stages are used to simultaneously stretch the fiber. By precisely controlling the relative moving direction and speed of two translation stages, we can obtain the microfiber with the designed length and diameter. In order to ensure enough mechanical strength of the μ-FBG, the microfiber with a diameter of ~2 μm is drawn for the grating fabrication. The photosensitive resin used is a negative photoresist (type: PP-1, purchased from Zhichu optics Co., Ltd., Shenzhen, China), which contains photo-initiator (IGR-369, CibaGeigy) and monomer (SR444, SR368, from Sartomer) for polymerization [19] . TPP excited by Fs laser can introduce cross-linking of polymer chains through radical polymerization, making the exposed region insoluble to the solvent, therefore the structure can be printed and formed on the substrate. During the polymerization, the fluorescence can be observed in the focal point of laser beam due to the nonlinear light-matter interaction [20] . The refractive index of the photosensitive resin before and after curing are ~1.51 and ~1.53 around 1500 nm. Since the RI of photosensitive resin is slightly changed due to polymerization, the polymerized grating structure can be easily observed during laser fabrication.
The grating is printed by use of line-by-line inscription, where the laser focal point is fixed and the microfiber is firstly translated along the radial direction of the fiber with the designed velocity and distance. After inscription of the first grating segment, the laser beam is blocked and the microfiber is then translated to the starting point of the next grating segment, after which the cycle is repeated. When the laser fabrication is completed, the cover slide above the microfiber is carefully taken away and the polymerized structure is successively rinsed by use of isopropanol for 10 s and then alcohol for 30 s. Figure 2(a) shows the optical microscope image of the polymerized fiber grating before rinsing and Fig. 2(b) shows the scanning electron microscopy (SEM) image of this structure after rinsing. It can be seen from Fig. 2(b) that the polymerized grating segments appear as plate array, which are tightly attached to the two sides of the microfiber. The laser intensity plays an important role in grating fabrication. There is a certain threshold of laser intensity for solidification of the photosensitive resin after polymerization and the absorption rate of laser intensity for the resin is proportional to square of the laser intensity [21] . Low laser intensity will produce small polymer voxel and therefore the bonding force between the polymerized grating and the microfiber is weak, resulting in structural deformation of the polymerized grating. Conversely, excessively high laser intensity will introduce large polymer voxel and the adjacent grating segments overlap and therefore the microfiber might be totally wrapped in the cured resin. This can increase the duty cycle of grating and weaken its RI modulation. Experiments have been made to optimize the laser intensity for grating fabrication. The microfiber with a diameter of ~1.8 μm is translated at a speed of 8 μm/s to create the grating with a pitch of 1.07 μm, and the laser intensity is increased from 10 mw/μm 2 to 18 mw/μm 2 . The expose time of each grating segment was 0.5s. Figure 3 shows SEM images of the polymerized gratings fabricated by different laser intensity from the top view (along the laser irradiation direction). It can be seen from this figure that when the laser intensity rises from 10 mw/μm 2 to 18 mw/μm 2 the line width of grating segment is increased from 310 nm to 760 nm. When the laser intensity is lower than 16 mw/μm 2 , the polymerized gratings exhibit different degrees of structural deformation as shown in Figs. 3(a)-3(c) . When the laser intensity is increased up to 18 mw/μm 2 , as shown in figure. 3(d) , the grating segments turn into a robust and uniform rod array being perpendicular to the microfiber. Among the four μ-FBGs in Fig. 3 , typical Bragg resonance can be observed only for the last one. The reflection spectrum of the polymerized μ-FBG in Fig. 3(d) has been measured by use of a broadband light source and an optical spectrum analyzer with a resolution of 0.5 nm. The reflection spectrum of the μ-FBG in air is demonstrated in Fig. 4 , where there are two main Bragg resonant peaks at 1488.6 nm (~16 dB) and 1481.2 nm (~19 dB), which are corresponding to the backward fundamental and high-order modes being coupled from the forward fundamental mode in the microfiber. The Bragg resonant peak is sensitive to surrounding RI change due to the enhanced evanescent field outside the microfiber.
The environmental RI response of the polymerized μ-FBG has been investigated at the room temperature (22 °C). The μ-FBG (grating pitch = 1.07 μm; pitch number = 500) is polymerized along the microfiber with a diameter of 4 μm. During the measurement the μ-FBG was sequentially immersed into a series of RI oil (Cargille Lab) with RI value from 1.380 to 1.446 by an interval of 0.004. The μ-FBG needs to be fully cleaned with alcohol after each measurement and a new round of measurement can be performed only when the spectrum restores to the original state in air. Figure 5 shows reflection spectral evolution of the polymerized μ-FBG immersed in different RI oils (1.410, 1.426, 1.434, 1.442, and 1.416). It can be seen from this figure that as the oil RI increases the Bragg resonant peak marked by asterisk exhibits a significant red shift and a slow degradation of resonant strength. Figure 6 shows the polynomial fitting relationship between the Bragg wavelength and the oil RI measured in Fig. 5 . There is a small deviation between the measured data and the fitting curve that may be caused by measurement error of Bragg wavelength. It is noted that the evanescent field is enhanced when the RI value of oil is approaching to that of the silica microfiber. The inset of Fig. 6 shows a partial linear relationship between the Bragg wavelength and the oil RI from 1.420 to 1.450 and a RI sensitivity of ∼207.14 nm/RIU is achieved at 1.446. The RI sensitivity of the polymerized μ-FBG reaches the superior level comparing with previously reported μ-FBGs of∼231.4 nm/RIU [6] , ∼30 nm/RIU [22] and ∼16nm/RIU [23] , respectively.
Conclusion
In conclusion, TPP method is firstly used to fabricate grating structure along with the microfiber to excite the Bragg resonance in it. Fs laser intensity was firstly optimized to find out the best polymerization parameters and then the designed Bragg grating structures were polymerized along the microfiber. More than one Bragg resonant peak was observed in the reflection spectrum. Successively, we studied the environmental RI response of the polymerized μ-FBG and observed a nonlinear relationship between the Bragg wavelength and the oil RI, where the maximum sensitivity of ~207 nm/RIU is achieved at 1.446. Generally speaking, TPP method provides many possibilities for fabricating arbitrary 3-D structures and tailing their physical properties and many other functional structures besides μ-FBG can be polymerized on or in optical fiber for potential sensing applications. 
